The asymmetric heterogeneous catalytic cascade reaction of ethyl 2-nitro-3-methylphenylpyruvate has been investigated over platinum modified by cinchonidine in continuous-flow system using a fixed-bed reactor. The high selectivities and enantioselectivities of the (R)-3-hydroxy-3,4-dihydro-8-methylquinolin-2(1H)-one obtained in previous studies in batch reactor were not reached. The catalyst was in situ prehydrogenated and premodified with cinchonidine, and the reaction conditions optimized for batch reactor were changed in order to increase the yield and enantioselectivity of the desired product under flow conditions. Results obtained in the flow apparatus contributed to the understanding of the reaction pathway through which the quinolone is formed. It was shown that, at low conversions, the intermediate aminohydroxyester desorbs preferentially and is further transformed by readsorption and cyclization to the quinolone derivative after complete disappearance of the 2-nitrophenylpyruvate. However, at high conversion, the formation of the quinolone may also occur instantaneously on the Pt surface following the two competitive reduction steps. The ratio of the product formed through these two pathways is determined by the reaction conditions and the system used.
Introduction
During the last decades, flow chemistry became a preferred methodology for improving and simplifying the synthesis of fine chemicals [1] . The continuous-flow operation mode besides the possibility of process intensification also allows carrying out hazardous reactions via highly reactive intermediates. The use of fixed-bed reactors packed with a heterogeneous catalyst further enhances the advantages associated with continuous-flow systems by saving the catalyst removal step from the product mixture. Reduction of the necessary safety precautions during their operation and the space, time, and energy saving associated with such methods further contribute to their wide-spread application in the development of green and sustainable procedures for preparing fine chemicals, natural products and intermediates used in the pharmaceutical industry [2] . Recent strict regulations of utilizing single stereoisomers as pharmaceuticals increased the demand for optically pure compounds. As a consequence, among reactions examined in continuous-flow operation mode are the heterogeneous asymmetric catalytic processes developed for obtaining optically pure chiral intermediates [3] . These investigations were accelerated by the rapidly growing number of efficient heterogeneous chiral catalysts obtained either by immobilization of homogeneous organometallic compounds and optically pure organocatalysts [4, 5] or by chiral modification of catalytically active solid surfaces [6] .
Continuous-flow systems also give the opportunity of conveniently preparing complex organic compounds by domino or cascade processes [7] , during which several consecutive reactions with the ulterior transformation of functional groups formed in previous steps may be performed by a single passage of the reactants solution over an appropriate catalyst bed. Although numerous asymmetric catalytic cascade reactions have been developed for the synthesis of chiral fine chemicals [8] , only few were carried out over heterogeneous chiral catalysts [9] [10] [11] [12] . Moreover, up to our knowledge, reports on the application of heterogeneous chiral catalyst to promote asymmetric cascade reactions in a flow system are very scarce [13] .
Inspired by previous findings obtained over PtO 2 catalyst [14] , we have developed the transformation of 2-nitrophenylpyruvates to optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-one derivatives by an asymmetric cascade reaction catalyzed by supported Pt particles modified by cinchona alkaloids in the presence of H 2 [12] . It was shown that 3-hydroxy-3,4-dihydroquinolin-2 (1H)-one derivatives are formed via a sequence of enantioselective hydrogenation of keto group, nitro group reduction and intramolecular amidation. The relative rates of the first two competitive steps are essential for obtaining high quinolone selectivities. The fast reduction of the nitro group will initiate the Reissert indole synthesis pathway; thus, use of catalysts, such as Pd, favoring the reduction of the nitro group led to high indole derivative yields [14] . This was shown in a recent study in continuous-flow system over Pd catalyst in which high yields of substituted indoles were achieved [15] . The stereospecific step of the cascade reaction leading to quinolone derivatives is the enantioselective hydrogenation of the activated keto group over Pt modified by cinchona alkaloids [6] . However, we have shown that the cinchona alkaloid used as chiral surface modifier in the above reaction also influences the out-come of the reaction by accelerating the keto group hydrogenation, due to a ligand acceleration effect [6, 16] , and by decreasing the rate of the nitro group reduction due to occupying surface active sites.
Encouraged by numerous reports on successful enantioselective hydrogenations in continuous-flow systems over modified catalysts [17, 18] , we set as the aim of our present investigation the preparation of optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-ones from 2-nitrophenylpyruvates under flow conditions using a fixed-bed reactor. Moreover, studies in continuous-flow systems may help identifying the elementary steps of a reaction and pathways leading to the desired product and side-products [19] . Accordingly, we also attempted to obtain in the flow system new mechanistic details or confirmation of the suggestions based on batch experiments. Clarifying unknown mechanistic aspects of the reaction may open the possibility of developing other efficient asymmetric cascades.
Results and Discussion
According to our recent study, the transformation of 2-nitrophenylpyruvates over Pt catalyst modified by cinchona alkaloids resulted in preferential formation of optically enriched 3-hydroxy-3,4-dihydroquinolin-2(1H)-one derivatives [12] . The selectivity of this product was significantly influenced by the presence of other substituents on the phenyl moiety; thus, almost quantitative yields could be obtained in reactions of 2-nitrophenylpyruvates substituted in the third position of the ring [12] . Accordingly, during the present study, we examined the reaction of ethyl 2-nitro-3-methylphenylpyruvate (1), which was transformed over commercial Pt-Al 2 O 3 modified by cinchonidine (CD), according to Scheme 1. The competitive hydrogenation of the two reducible groups (keto and nitro) may lead to either the amino-hydroxyester 2 or the indole derivative 4, the former being further cyclized to the quinolone derivative 3. This reaction was studied using H-Cube® continuous-flow hydrogenation system, which includes a H 2 generator and a cartridge used as a fixed-bed reactor, as shown in Figure 1 . This experimental set-up allows mixing the H 2 gas with the solution of the reactant and modifier under a system pressure set by a back-pressure regulator.
The system previously was thoroughly tested in enantioselective hydrogenations over chirally modified metal catalysts [18] .
Effect of Reaction Conditions.
Initial results obtained in the flow system are shown in Figure 2 . The reaction was carried out using the solvent mixture, H 2 pressure, temperature, modifier, and substrate concentrations found appropriate for obtaining high conversions and excellent 3 selectivities in batch experiments [12] . However, in contrast to results obtained in batch system, under flow conditions, only low conversions (≈20%) were obtained. The lack of 4 formation indicated that the hydrogenation of the keto group was faster than that of the nitro group under these conditions in the flow system, too. However, very low 3 selectivities were obtained, the main product was the amino-hydroxyester 2. This confirmed that the final cyclization step of the cascade occurs only at higher conversions of 1, which was interpreted by desorption and readsorption of 2 based on the results obtained in batch experiments [12c] . The enantioselectivity of the keto group hydrogenation, i.e., the ee of 2, was much lower as in batch system (less than 60%).
According to these results, the reaction conditions in flow system have to be changed for obtaining higher conversions, which could be accompanied by higher 3 selectivities, while keeping the rate of the nitro group reduction low, to avoid formation of the indole derivative 4. Thus, we have studied the effect of reaction conditions, found to be crucial in batch experiments such as the H 2 pressure, substrate, and modifier concentrations, and also the effect of parameters specific for the flow systems such as the flow rate and recirculation of the product solution. As decrease of the reaction temperature had detrimental effect on the cyclization step (resulting in formation of 2 instead of 3 [12c]) even in batch system and increase of the temperature could result in deteriorated enantioselectivities due to possible transformation of CD in less efficient derivatives [20] , all the following studies were carried out at room temperature. The effect of the H 2 pressure is shown in Figure 3 . In this experiment, the flow rate and the concentration of 1 (c (1)) were also lower as compared with the previous experiment, which could help to obtain higher conversions and presumably higher 3 selectivities.
Under 4 MPa H 2 pressure, the conversion could be increased to over 70%, which ensured over 20% 3 selectivity. Unfortunately, under these conditions, the 4 selectivity also increased, though this value decreased during time on stream concomitantly with increase in 2 selectivity. Thus, a change in the relative rates of the two reduction steps occurred during time on stream in favor of the enantioselective hydrogenation, which could be due to loss in activity or decrease in the number of active sites responsible for the reduction of the nitro group. The close to constant enantioselectivity of the formation of both chiral products (2 and 3) hardly exceeded 60%. Although decreasing the H 2 pressure to 1 MPa increased the ee up to 70%, both the conversion and the selectivity of 3 decreased.
Because no full conversion and relatively low 3 selectivities were reached by passing once the solution of the substrate through Scheme 1. Transformation of 2-nitro-3-methylphenylpyruvate (1) over Pt-Al 2 O 3 modified by cinchonidine (CD) in presence of H 2 Figure 1 . Scheme of the H-Cube® continuous-flow hydrogenation apparatus the catalyst bed, the resulting product mixture was continuously recirculated over the catalyst (the same vessel was used as supplier and collector, see Figure 1 ) under 4 MPa H 2 pressure and the mixture sampled at regular time intervals.
During the recirculation (see Figure 3 ), besides increase in the conversion to over 85%, the selectivity of 2 slightly decreased and that of 3 increased. However, the increase of the latter did not exceed the observed conversion increase. Accordingly, even if the conversion was relatively high, the transformation of the desorbed 2 to 3 did not occur; the formation of 3 was probably due to instantaneous cyclization over the metal surface without desorption of the reduced intermediate 2. This could be the consequence of the gradually decreasing 1 concentration in the solution. As effect, 1 could not replace the adsorbed surface products at such a rate as at the beginning of the reaction (when the concentration of 1 was much higher). However, the significant amount of 2 accumulated earlier in the product mixture confirmed our earlier proposal that 3 is formed mainly by desorption-readsorption pathway on the Pt surface following complete consumption of 1 and in smaller part directly without desorption of the intermediate. We presume that the extent on which the instantaneous cyclization occurs depends greatly on the reaction conditions. As the optimal conditions differ in batch and continuous-flow fixed-bed system, it is understandable that, in these two kinds of systems, the two pathways may contribute in different extent to the formation of 3.
During this recirculation, small decrease in the ee of 3 was also observed. The most plausible reason of the ee decrease is the alteration of the enantiodifferentiation ability of the chiral surface, as a consequence of the transformation of CD by partial hydrogenation of the quinoline moiety, demonstrated to occur in batch system [20] . This observation also answers the question what would happen if the modifier feed were stopped, i.e., the ee would decrease gradually as the adsorbed modifier is transformed. However, besides a probable decrease in the ee, deterioration of the selectivities is also expected to occur based on the multiple role of the cinchona modifier shown previously [12] .
2.2. Reactions over Catalyst Premodified by Cinchonidine. Next, we tried to improve the results obtained in the flow system by premodifying the catalyst with CD and using lower modifier concentration during the reaction, as the presence of excess modifier may also hinder the cyclization step [12] . During these experiments the solvent composition was changed to toluene-AcOH 9:1, whereas the flow rate and the substrate concentration were further decreased. Representative results are shown in Figure 4 . Indeed, under such conditions high, over 90% conversions and around 40% 3 selectivities were reached. However, high amounts of 4 were also detected.
Passing the product solution for the second time over the catalyst bed led to almost complete disappearance of 1 and 2 from the mixture, resulting practically in a 1:1 mixture of 3 and 4. Increase in the enantioselectivity, as compared with the previously shown results, was also observed; however, the difference in the ee of 2 and 3 indicated that kinetic resolution may occur during the cyclization step, which confirmed the involvement of the Pt surface in this final step. The second passage of the mixture increased the 3 selectivity together with slightly decreasing the ee of this compound. Thus, this experiment clearly showed that, at complete conversion of 1, the desorbed 2 is transformed to 3. The ee decrease may be explained as discussed in the previous subsection, i.e., by the transformation of CD (which this time was used in lower concentration) in less efficient partially hydrogenated derivatives [20] . However, the above suggested racemization during cyclization may also be a plausible explanation of this ee decrease, which, as mentioned, would be a confirmation of the surface cyclization step.
Finally, selected results of our attempts to improve the yield and optical purity of the quinolone derivative 3 by further changing the reaction conditions are summarized in Table 1 . The substrate concentration was kept at the value used in the previous experiment, as this concentration already allowed high conversions and low 2 selectivities. Based on results obtained in batch system [12c], decrease under a certain value of the substrate concentration had no effect on the 3 selectivity and ee. However, under Although high conversions were reached in most of these attempts summarized in Table 1 , the products contained high amounts of side-products 2 and 4, unlike in the reaction carried out in batch reactor (entry 7). Thus, one of the most significant advantage of using heterogeneous catalyst in a flow system was diminished as the quinolone derivative 3 had to be purified by flash chromatography, unlike using batch setup, where this product was obtained in satisfactory purity following the removal of the modifier by aqueous acidic washings and solvent removal. Due to the low quinolone selectivity, the yield of 3 obtained in 2 h operation in continuous-flow system (the same reaction time as used in the batch experiment) was always lower than in batch system, though by increasing the selectivity, it would be possible to outperform the latter. Moreover, the enantioselectivities were also below those obtained in batch system using the same modifier. Interestingly, the enantioselectivity of the amino-hydroxyester was higher in all these experiments, which indicated a slight kinetic resolution during cyclization, unlike in batch system [12] . Although, presently, the continuous-flow system was proved to be less appropriate to carry out this reaction, we cannot exclude that further improvements will be reached both in the enantioselectivity and the yield of the desired quinolone 3 either by tuning the reaction condition or by designing special catalysts for use under flow conditions.
Conclusions
The recently described asymmetric heterogeneous catalytic reaction of 2-nitrophenylpyruvates was studied in a continuous-flow system over Pt-Al 2 O 3 modified by cinchonidine. The catalyst introduced in a fixed-bed reactor was in situ prehydrogenated and premodified in order to increase the yield and the enantiomeric excess of the desired 3-hydroxy-3,4-dihydro-8-methylquinolin-2 (1H)-one. It was necessary to change the reaction conditions optimized for batch system in order to obtain satisfactory results under flow conditions. Results obtained in the flow apparatus contributed to the understanding of the reaction pathway through which the quinolone is formed. It was shown that, until complete conversion of the 2-nitrophenylpyruvate, the formation of the quinolone occurs instantaneously on the Pt surface following the two competitive reduction steps. However, especially at low conversions, the intermediate amino-hydroxyester desorbs preferentially and is further transformed by readsorption to the quinolone derivative only after complete disappearance of the 2-nitrophenylpyruvate (see Scheme 2). The ratio between desorption and instantaneous cyclization is determined by the reaction conditions; in flow operation mode, the latter has a larger contribution to the reaction out-come, as compared with the batch system. This also explained the difference in the enantioselectivities of the aminohydroxyester and the quinolone derivative in the flow system; as at the same time with the cyclization, a slight resolution of the chiral alcohol also occurred. Although results obtained in the flow system did not compete with those achieved in batch reactor [12] , further increase of the selectivity could result in higher productivity of the flow setup. Future research will aim at improving results using the flow apparatus in order to develop an attractive, sustainable, and environmentally benign method of obtaining optically pure hydroquinolones through this interesting asymmetric heterogeneous cascade reaction.
4. Experimental 4.1. Materials and Methods. Commercial 5% Pt-Al 2 O 3 (Engelhard, 4759), with known properties [21] , was pretreated in H 2 flow at 673 K, as described earlier [16c] before loading into the fixed-bed reactor. Cinchonidine (CD, Alfa-Aesar, 99%) was used as received. 1,3-Dimethyl-2-nitrobenzene, diethyl oxalate, and potassium tert-butoxide used for the preparation of ethyl 2-nitro-3-methylphenylpyruvate were purchased from Sigma-Aldrich. Analytical grade solvents and reagents were used as received.
Preparation of ethyl 2-nitro-3-methylphenylpyruvate according to a literature method has been described recently [12a] . Identification of the products, analysis of the product mixtures, and isolation of 3-hydroxy-3,4-dihydro-8-methylquinolin-2(1H)-one has been described in our previous report [12a] . Products were identified by their mass spectra recorded using gas chromatography and mass selective detection (GC-MSD): Agilent Techn. 6890 N GC-5973 inert MSD, column: HP-1MS 60 m, and by 1 H and 13 C NMR spectroscopy using an AVANCE DRX 400 NMR instrument. Quantitative analysis of the product mixtures was carried out using gas chromatograph (GC) equipped with flame ionization detector (FID): Agilent Techn. 6890 N GC-FID amd Cyclodex-B 30 m chiral capillary column. Isolated yields of 3 were determined after purification by flash chromatography as described previously [12a] using hexane isomers-ethyl acetate 4:1 solvent mixture as eluent.
4.2. Continuous-Flow Reactions and Product Analysis. The reactions were carried out in H-Cube® high-pressure continuous-flow system (see Figure 1 ) purchased from Thales Nanotechnology Inc.
[22] equipped with a HPLC pump (Knauer WellChrom HPLC-pump K-120).
In a typical experiment, the given amount of catalyst pretreated at 673 K in H 2 flow was placed in the tubular catalyst cartridge of 2 mm inner diameter and 30 mm length. The catalyst was prehydrogenated with toluene flow and H 2 under the given pressure for 30 min and premodified with a flow of CD dissolved in toluene-AcOH mixture and H 2 for 30 min. Continuous-flow reactions were carried out by pumping through the system the solution of the substrate and the modifier at the desired flow rate and under the given H 2 pressure at room temperature. Samples were collected at regular time intervals and analyzed by GC-FID. Conversions, selectivities, and enantiomeric excesses were calculated with the formulae: Scheme 2. Reaction pathways of 3 formation after the competitive reduction steps Asymmetric Catalytic Cascade Reaction
